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The purpose of this study was to examine diﬀerences in pressor response and cardiovagal modulation during isometric handgrip
exercise (IHG) between children and adults. Beat-to-beat heart rate (HR) and blood pressure were measured in 23 prepubertal
children and 23 adults at baseline and during IHG. Cardiovagal modulation was quantiﬁed by analysis of HR variability. Mean
arterial pressure responses to IHG were greater in adults compared to children (P<. 05) whereas there were no group diﬀerences
in HR responses (P>. 05). Children had a greater reduction in cardiovagal modulation in response to IHG compared to adults
(P<. 05).ChangesinmeanarterialpressureduringIHGwerecorrelatedwithbaselinecardiovagalmodulationandforceproduced
during isometric contraction (P<. 05). In conclusion, diﬀerences in pressor reﬂex response between children and adults cannot
be solely explained by diﬀerences in autonomic modulation and appear to be associated with factors contributing to the force
produced during isometric contraction.
1.Introduction
Heart rate (HR) variability is a reﬂection of the interac-
tion between the parasympathetic and sympathetic nervous
system inﬂuences on the cardiac sinus node [1]. Cross-
sectional studies in infants, children, and young adults
showed that total HR variability increases up to 6 years
of age and declines thereafter, suggesting that autonomic
modulation of the sinus node changes with growth and
maturation [2–4]. Previous studies have also shown that
children have lower resting cardiovagal baroreﬂex sensitivity
(BRS) compared to adolescents and young adults, suggesting
that cardiovascular reﬂex autonomic regulation evolves from
childhood to adulthood [3].
Themajorityofstudiesinvestigatingtheeﬀectsofgrowth
on autonomic regulatory mechanisms have focused on
measurementsobtainedduringrestingconditions[2–4].The
autonomic nervous system, however, plays a paramount
role in cardiovascular adaptations to short-term stressors
[5]. Therefore, examining the autonomic adjustments to
physical stressors may have a greater physiological relevance
and provide more useful information than assessing baseline
autonomic function. Accordingly, we have previously shown
that children 12 years of age had faster HR recovery from
exercise associated with greater postexercise HR variability
when compared to adolescents aged 15 years [6], suggesting
that children had greater parasympathetic reactivation dur-
ing recovery from exercise compared to adolescents. Others
have shown that during standing the percent increase in
the low frequency power of HR and systolic blood pressure
(BP) variability (i.e., indicators of sympathetic modulation)
was higher in adolescents compared to preadolescents [7].
Collectively, these ﬁndings suggest that the eﬀects of matu-
ration on autonomic modulation extend to conditions that
are characterized by physical stress, such as exercise and
orthostatic stimuli.
Isometric exercise provides a convenient and easy way
to activate the cardiovascular system and deﬁne the role of2 International Journal of Pediatrics
the autonomic nervous system in the exercise response [8].
Isometric muscle contraction evokes large increases in mean
arterial pressure (MAP) and HR with a minor rise in central
hemodynamics [9]. These cardiorespiratory responses are
mediated by autonomic neural adjustments [10]. Previous
studies showed diﬀerences in pressor response to isometric
handgrip exercise (IHG) between children and adults, with
children exhibiting a lower pressor response (smaller BP
changes from baseline) compared to adults [11]. To what
extent these ﬁndings reﬂect age-associated diﬀerences in
autonomic regulatory mechanisms in response to isometric
contraction is unknown.
Thus, the main purposes of this study were to (1) exam-
ine age-associated diﬀerences in cardiovascular responses
to IHG, and (2) examine diﬀerences between children
and adults in cardiovagal autonomic modulation and
baroreﬂex sensitivity during isometric contraction. It was
hypothesized that children would have a smaller pressor
response compared to adults and a greater reduction in
cardiovagal modulation during isometric exercise. In the
present study, cardiovagal modulation was quantiﬁed by
analysis of HR variability in the frequency (high frequency
power, HF) and time domain (square root of the mean
of the sum of the squares of diﬀerences between adja-
cent RR-intervals, RMSSD, and coeﬃcient of variation
(CVS)).
2. Methods
2.1. Subjects. Twenty three healthy children (7–9 years)
and 23 healthy young adults (20–25 years) participated
in this study. All participants were physically active but
did not participate in any organized endurance exercise
training program. Exclusion criteria included any medi-
cation that alters BP, HR, and autonomic regulation, any
known metabolic and cardiovascular diseases, smoking,
and hormonal contraceptives. Maturity status was assessed
using evaluation of secondary sexual characteristics (Tanner
stages for breast and pubic hair) to ensure there were
no signs of pubertal development in any of the children.
According to this evaluation, all children were prepubertal.
All adult females were tested within the ﬁrst 10 days of
their menstrual cycle. The study was approved by the
Institutional Review Boards of Syracuse University and
SUNY Upstate Medical University and all adult participants,
and the parents of the children provided written informed
consent and all children provided written assent before
testing.
2.2. Experimental Design. Two visits were required for the
completion of the study. On the ﬁrst visit, all participants
completed a medical history and a physical activity ques-
tionnaire and were familiarized with the testing procedures.
In addition, measurements of height and weight, and
maturity assessment were obtained. On the second visit, the
participants completed a questionnaire to verify that they
had followed the pretesting instructions. Participants were
instructed to refrain from food and caﬀeinated products for
4 hours and from vigorous exercise and alcohol for 24 hours
before the tests. Following a 10 minutes quiet rest, beat-
to-beat arterial pressure and continuous electrocardiogram
(ECG) were recorded before and during a 3-min IHG
task.
2.3. Isometric Handgrip Exercise. All participants were tested
in the seated position with their elbow ﬂexed at 90◦.M a x -
imal isometric force of the dominant hand was measured
three times 1-2 minutes apart using a calibrated handgrip
dynamometer (Biopac Systems Inc., Santa Barbara, CA). If
the trials were not within 10% of each other, additional trials
were performed until a plateau was reached. The highest
of the 3 values (kg) was deﬁned as the subject’s maximal
voluntary contraction (MVC). Isometric force was recorded
at a frequency of 1000Hz using a 16-bit data acquisition
card(MP100,BiopacSystems,Inc.,SantaBarbara,CA).After
determination of MVC, all subjects performed a sustained
isometric contraction at 30% MVC for 3 minutes. Visual
feedback via a computer monitor located 1m directly in
front of the subject and verbal encouragement to maintain
the desired force were provided throughout the test. Subjects
were instructed to avoid Valsalva maneuver and relax the
muscles that did not participate in the isometric contrac-
tion.
2.4. Beat-to-Beat Hemodynamics. Following 10 minutes of
quiet rest (after determination of MVC), continous ECG,
and beat-to-beat arterial pressure were recorded for 2
minutes at rest (baseline) and during 3 minutes of IHG.
The subjects were tested in the seated position. Heart rate
was recorded using a modiﬁed CM5 ECG lead, interfaced
with data collection and interpretation software (Biopac
Systems Inc., CA) at a sampling rate of 1000Hz. Arterial
pressure was measured continuously using a BP ﬁnger
cuﬀ placed in the middle-ﬁnger of the nonexercising hand
(Finometer, FMS, the Netherlands). The arterial pressure
recordings were performed at a sampling rate of 200Hz. The
Finometer continuously monitors ﬁnger arterial pressure
using the volume-clamp method of Penaz and performs
reconstruction of brachial artery pressure waveform and
level from the ﬁnger pressure using generalized wave-
form inverse modeling. This method has been shown
to accurately track hemodynamic changes from baseline
[12]. Previous studies in both adult and pediatric subjects
found that continuous arterial pressure measurements via
ﬁnger plethysmography slightly underestimated systolic BP
(SBP) by 1.9mmHg and diastolic BP (DBP) by 5.1mmHg
when compared with standard auscultatory techniques [13].
Small within-subject variability (3.8mmHg for SBP and
4.1mmHg for DBP) and similar accuracy between children
and adults have been also reported, regarding the ﬁnger
plethysmographic techniques [13]. It was suggested that
ﬁnger plethysmography is useful for noninvasive assessment
of autonomic control and cardiovascular reﬂexes involving
short-term and rapid BP changes in both children and adults
[13].International Journal of Pediatrics 3
2.5. Data Analyses
2.5.1. Hemodynamic Variables. Systolic BP, DBP, and MAP
were derived from the arterial pressure waveform obtained
by the ﬁnger plethysmography. Heart rate was calculated
from the ECG tracings and stroke volume was calculated
from the arterial pressure signal using the arterial pulse wave
contour method [14]. Cardiac output was calculated as the
p r o d u c to fH Ra n ds t r o k ev o l u m e .T oa c c o u n tf o rd i ﬀerences
in body size between children and adults, stroke volume
and cardiac output are expressed relatively to subjects’ body
surface area (BSA) and are presented as stroke index and
cardiac index, respectively. Total peripheral resistance (TPR)
was calculated using the equation: TPR = (MAP/cardiac
index) ∗ 80. Baseline values were derived from the average of
3 minutes of data for each hemodynamic variable and IHG
values represent the average of the last minute of exercise,
during which the maximum values for all subjects were
observed.
2.5.2. Heart Rate Variability and Baroreﬂex
Sensitivity Analyses
Frequency Domain Analysis. R-R interval time event series
were generated from successive HR peaks (WinCPRS, Abso-
lute Aliens Oy, Turku, Finland). Epochs of 120 seconds were
analyzed for each condition (i.e., 120 seconds of baseline
and the last 120 seconds of IHG measurements) and for
each subject. The nonequidistant waveforms were resampled
at 5Hz and passed through a low-pass ﬁlter with a cutoﬀ
frequency of 0.5Hz. The spectrum of each signal was
calculatedusingamaximumentropymethod(autoregressive
modeling). The model order was chosen as the one that
minimized Akaike’s ﬁnal prediction error ﬁgure of merit.
Autoregressive modeling requires a small sample space and
therefore, it can be used for analysis of very short-time series
[15]. However, this method is vulnerable to nonstationarity
(i.e., the degree of signal deviation from baseline) [15]. In
this study, stationarity was determined to justify the use
of autoregressive modeling (WinCPRS, Absolute Aliens Oy,
Turku, Finland). A stationarity value close to zero reﬂects a
stationary signal, while an increase in this value represents
an increase in nonstationarity [16]. In this study, mean
stationarityofthecollectedsignalatbaselinewas0.50 ±0.02,
while mean stationarity for IHG was 0.63 ± 0.03.
Spectral power was expressed as the integrated areas in
low (LF: 0.05–0.15Hz), high (HF: 0.15–0.4Hz), and total
(TP: 0.05–0.4Hz) frequency ranges. The HF power was used
as an index of cardiovagal modulation and was expressed
in msec2 [17]. In addition, considering the variation in R-
R intervals attributable to HF power and the changes in this
variation from baseline to IHG, we calculated the coeﬃcient
of component variance using the formula: CCVHF =
√
HF
power/(mean R-R interval) ∗ 100 (%) [18].
The reproducibility of HR variability measurements has
been previously evaluated in our lab in adolescents and
young adults and intraclass correlation coeﬃcients were
0.964 and 0.933 (P<. 05) for LF (msec2) and HF (msec2),
respectively [6].
Time Domain Analysis. Heart rate variability was also eval-
uated in the time domain calculating the mean normal-
to-normal R-R intervals and the normal-to-normal R-R
intervals diﬀerences [15]. These variables were then assessed
by statistical analyses providing the following statistics: the
standard deviation of the normal-to-normal R-R intervals
(SDNN) and the square root of the mean of the sum of
the squares of diﬀerences between adjacent R-R intervals
(RMSSD). In order to control for diﬀerences in HR periods
from baseline to IHG and between groups, the coeﬃcient
of variation (CVS = SDNN/R-R interval) was calculated. All
of these measures recognize short-term variations in HR
and therefore, estimate HF cyclic components, which are
associated with cardiovagal modulation [15].
Cardiovagal Baroreﬂex Sensitivity Analysis. Cardiovagal
baroreﬂex sensitivity (BRS) was determined from the
coupling between interbeat intervals and SBP, which were
collected via ﬁnger plethysmography [19]. This technique
has been previously described in [6]. Brieﬂy, beat-to-beat
time series of arterial pressure and pulse intervals were
searched for sequences of three or more consecutive heart
beats in which the pulse intervals and the corresponding SBP
increased (WinCPRS, Absolute Aliens Oy, Turku, Finland).
These sequences were deﬁned as “baroreﬂex sequences” and
a linear regression line was applied to each of them. The
meanslopeofallregressionlinesdeterminedforeachsubject
and for each condition (baseline, IHG) was calculated and
taken as a measure of integrated spontaneous BRS. Only
sequences with correlations equal or greater than 0.85 were
accepted. This measure was used to evaluate the arterial
baroreﬂex modulation of sinus node and its changes from
baseline to IHG.
2.6. Statistical Analysis. Independent t-test was used to
examine group diﬀerences in subject characteristics (age,
height, weight, BMI, BSA, MVC). The HR variability fre-
quency domain and BRS measures were not normally dis-
tributed and therefore, they were transformed to natural log-
arithms (ln) before statistical analysis. A repeated-measures
analysis of covariance (ANCOVA), with one between (group:
children versus young adults) and one within (task: baseline
versus IHG) factor was carried out to examine diﬀerences
between children and adults in hemodynamic responses to
IHG. Baseline values and BMI were used as covariates to
control for the inﬂuence of these factors on group responses.
In addition, a 2 × 2 ANCOVA with repeated measures was
used to determine diﬀerences between children and adults in
HR variability and BRS responses to IHG. Body surface area
andbaselinevaluesofHR Vwer eusedasc o variat est oc ontr ol
for their inﬂuences on the subjects’ responses.
The main assumptions of the analysis of covariance
were tested and were met. Speciﬁcally, BMI was signiﬁ-
cantly correlated with all hemodynamic variables, BSA was
signiﬁcantly correlated with all HR variability parameters,
and these correlations were the same within each of the
populations involved in the study (equal regression slopes).4 International Journal of Pediatrics
Table 1: Subject characteristics.
Variables Young adults Children
No (males/females) 23 (13/10) 21 (12/9)
Age (yr) 22.0 ±0.38 .3 ±0.2
∗
Height (cm) 171.4 ±1.7 132.6 ±1.8
∗
Weight (kg) 76.9 ±3.73 4 .3 ±2.7
∗
BMI (kg/m2)2 6 ±11 9 ±1∗
BSA (m2)1 .85 ±0.04 1.05 ±0.04
∗
MVC (kg) 56.2 ±4.11 9 .8 ±1.3
∗
Values are means ± SE.
BMI: body mass index; BSA: body surface area; MVC: maximal voluntary
contraction.
∗P <. 05, group diﬀerences.
Pearson-moment correlations were used to assess the
relationship between pressor reﬂex response to IHG (ΔMAP
= MAPIHG− MAPbaseline) and age, BMI, BSA, 30% MVC
(absolute intensity in kg), CCVHF, and CVS. A stepwise
linear regression model of ΔMAP on the above independent
variables was performed. Gender was added as a predictor
in this model. The signiﬁcance level of all statistical analyses
was set at alpha = 0.05. Data are presented as means ±
standard error (SE). Unadjusted and adjusted means as well
as unadjusted and adjusted SE are reported for the ANCOVA
results.
3. Results
3.1. Subject Characteristics. Table 1 illustrates the subject
characteristics for both groups. As expected, children were
younger, shorter, and lighter compared to adults and had
lower BMI, BSA, and MVC (P<. 05). In addition, baseline
hemodynamic measures were diﬀerent between groups.
Speciﬁcally, children had lower BP (SBP, DBP, MAP), stroke
index and cardiac index, and greater HR and TPR at baseline
(P<. 05, Table 2).
3.2. Hemodynamic Responses to Handgrip Exercise. Analysis
of covariance was used to determine whether children’s
hemodynamic responses to IHG diﬀer from those of the
adult group, adjusting for baseline measures and BMI.
Table 2 displays unadjusted means and SE for all the
hemodynamic measurements obtained in the present study.
The adjusted means (adjusted to the covariate inﬂuence) and
SE are presented in Figures 1(a)–1(c) and Figures 2(a)–2(d).
After adjustment for variation in baseline values and
BMI, signiﬁcant group by task interactions were found on
SBP, DBP, and MAP, showing that BP signiﬁcantly increased
in response to IHG in both groups but this increase was
greater in adults compared to children (P<. 05, Figures
1(a)–1(c)). Heart rate also increased in response to IHG
(P<. 05) but there were no diﬀerences between groups in
the magnitude of the response (P>. 05, Figure 2(a)).
After controlling for baseline values, signiﬁcant task by
group interactions on stroke index, cardiac index, and TPR
were also found (P<. 05, Figures 2(b)–2(d)). Speciﬁcally,
young adults exhibited an increase in stroke index and
cardiac index during IHG (P<. 05) and no change in TPR
(P>. 05) whereas children showed no change in stroke
index (P>. 05) and an increase in cardiac index and TPR
in response to IHG (P<. 05). Of note, we did not covary
for BMI in this analysis because variations in body size were
accounted for by expressing cardiac output, stroke volume,
and TPR relatively to BSA.
3.3. Heart Rate Variability and Baroreﬂex Sensitivity in
Response to Handgrip Exercise
3.3.1. Time Domain Parameters. Children had greater base-
line RMSSD and CVS (P<. 05). An analysis of variance
with repeated measures was initially employed to examine
diﬀerences in HR variability responses to IHG between
groups. The results of this analysis showed that R-R intervals
decreased in response to IHG in both groups (main eﬀect,
P<. 05), and this decrease was greater in adults compared
to children (group by task interaction, P<. 05). The
time domain parameter CVS was reduced in response to
I H Go n l yi nc h i l d r e n( g r o u pb yt a s ki n t e r a c t i o n ,P<. 05)
whereas RMSSD decreased in both group (main eﬀect, P<
.05). When we controlled for BSA and baseline values, the
task by group interactions presented above were no longer
signiﬁcant (P>. 05). Table 3 displays unadjusted means and
SE, and adjusted means and SE for R-R intervals, RMSSD,
and CVS measures at baseline and in response to IHG.
3.3.2. Frequency Domain Analysis. Children had greater
baseline lnHF and CCVHF compared to adults (P<. 05),
but there were no group diﬀerences in baseline lnTP (P>
.05). Analysis of variance with repeated measures revealed
task by group interactions on lnHF and CCVHF.S p e c i ﬁ c a l l y ,
children had a signiﬁcant reduction in lnHF and CVVHF
in response to IHG (P<. 05), while adults had no change
in these variables (P>. 05). When controlling for BSA
and baseline values the task by group interactions presented
above were no longer signiﬁcant (P>. 05). Table 3 displays
unadjusted means and SE, and adjusted means and SE for all
frequency domain parameters at baseline and in response to
IHG.
3.3.3. Cardiovagal Baroreﬂex Sensitivity. There were no
diﬀerences in baseline cardiovagal baroreﬂex sensitiv-
ity between groups (lnBRS, young adults: 2.6 ± 0.09
msec/mmHg versus children: 2.85 ± 0.10msec/mmHg, P>
.05, Table 3). Baroreﬂex sensitivity was reduced in both
groups in response to IHG but the extent of this change
was similar between groups (main eﬀect, baseline: 2.74 ±
0.07msec/mmHg versus IHG: 2.39 ± 0.08msec/mmHg, P<
.05).
3.3.4. Correlations. Changes in MAP (ΔMAP) were inversely
correlated with baseline CCVHF (r =− 0.360, P<. 05) and
CVS (r =− 0.352, P<. 05) and were positively correlated
with BSA (r = 0.469, P<. 01), BMI (r = 0.339, P<
.05), age (r = 0.470, P<. 01), and the force produced
at 30% MVC (r = 0.526, P<. 01). After controlling forInternational Journal of Pediatrics 5
Table 2: Hemodynamic variables (unadjusted means) at baseline and in response to handgrip exercise.
Young adults Children
Variables Baseline IHG Baseline IHG
SBP (mmHg) 117.5 ± 2.2 148.6 ± 3.7 107.9 ± 2.0
‡ 122.1 ± 2.7
∗†
DBP (mmHg) 71.3 ± 1.29 1 .9 ± 2.16 4 .6 ± 2.0
‡ 78.1 ± 2.5
∗†
MAP (mmHg) 88.5 ± 1.5 114.9 ± 2.78 2 .8 ± 2.4
‡ 96.4 ± 2.4
∗†
HR (bpm) 68.8 ± 2.08 2 .6 ± 2.18 4 .0 ± 2.0
‡ 93.5 ± 2.2
∗
Cardiac index (L/min/m2)3 .1 ± 0.13 .9 ± 0.21 .5 ± 0.06
‡ 1.7 ± 0.07
∗†
Stroke index (mL/beat/m2)4 5 .5 ± 1.54 9 .0 ± 1.41 7 .6 ± 0.6
‡ 17.9 ± 0.7
∗†
TPR (dyn/sec·cm−5·m2) 2344 ± 90 2358 ± 85 4631 ± 224
‡ 4802 ± 223
Means ± SE, values are not adjusted for the inﬂuence of the covariates.
∗P <. 05, measures during IHG are diﬀerent from baseline (main eﬀect); †P <. 05, task by group interaction; ‡P <. 05, group diﬀerences in baseline
hemodynamic variables.
SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; HR: heart rate; TPR: total peripheral resistance.
BSA (partial correlations), the correlations between ΔMAP
and cardiovagal indices CCVHF and CVS were no longer
signiﬁcant (P>. 05) whereas the correlation between ΔMAP
and force produced at 30% MVC remained signiﬁcant
(P<. 05). The prediction model of the stepwise regression
equation indicated that the only signiﬁcant contributor to
variations in ΔMAP was the force produced (30% MVC)
during IHG (R2 = 0.526, P<. 001).
4. Discussion
The main ﬁndings of this study were as follows: (1) children
exhibited a lower exercise pressor response compared to
young adults, (2) children had a greater reduction in
cardiovagalmodulationcomparedtoadultsduringisometric
exercise, (3) the diﬀering patterns of autonomic modulation
during IHG between children and adults were determined
by the greater baseline cardiovagal modulation found in
children and their smaller body size, and (4) the magnitude
of the pressor response to isometric muscle contraction was
directly associated with the force produced at 30% MVC and
inversely correlated with baseline cardiovagal modulation.
During isometric exercise, HR, and cardiac output
increase, and TPR remains the same or slightly increases,
resulting in an increase in SBP, DBP, and MAP [20]. These
hemodynamic responses have been well established in adults
whereas there is limited data on prepubertal children’s
responses to isometric contraction. The ﬁndings of the
present study are in agreement with previous investigations
showing diﬀerences in pressor response to IHG between
children and adults, with children having a lower BP
response to isometric exercise [11]. In addition, children
showed smaller increases in cardiac index (adults: +26%
versus children: +13%) during IHG compared to adults.
This lower cardiac index response can be attributed to
lower stroke index during exercise, which was only partially
compensated for by an elevation in HR levels. In addition,
children exhibited greater resting and exercise TPR. In
a previous study, Laird and colleagues [21] showed that
adolescents increased SBP, DBP, MAP, and cardiac index but
had no change in stroke volume and TPR in response to
IHG at 25% MVC. These investigators, however, did not
collect data on adults and the children participated in their
study were older than our prepubertal subjects. Our data
are in agreement with previous studies reporting diﬀerences
in cardiovascular responses to submaximal aerobic exercise
betweenprepubertalchildrenandyoungadults[22].Inthose
studies, the diﬀering hemodynamic responses to exercise
betweenchildrenandadultswererelatedtochildren’ssmaller
hearts and smaller amount of muscle mass being recruited
at a given rate of work [22]. The smaller TPR response
to exercise found in adults has been previously attributed
to greater accumulation of metabolites in adult subjects
[23, 24], which contributes to greater vasodilatation [25].
Currently, the mechanisms responsible for the diﬀerent
hemodynamic responses to isometric exercise in prepubertal
children are unknown. The cardiovascular responses to
isometric contraction are mainly mediated by autonomic
adjustments involving sympathetic nervous system activa-
tion and vagal withdrawal [10]. Speciﬁcally, the early rise in
BP is due to tachycardia mediated primarily by a decrease in
eﬀerent cardiac vagal activity [9, 26] whereas the rise in BP
during sustained contraction is due to an increase in eﬀerent
sympathetic activity [9]. Consequently, diﬀering patterns in
the pressor reﬂex during an isometric stimulus may reﬂect
diﬀerences in autonomic modulation between children and
adults. To the best of our knowledge, this is the ﬁrst study
to examine the role of autonomic modulation in exercise
pressor reﬂex response of pediatric subjects. Although
children and adults had similar HR responses to IHG, the
reduction in HF power and the time domain parameters
of HR variability was greater in children. Pharmacological
studies have previously reported that alterations in HR
variability reﬂect changes in parasympathetic modulation
of the sinus node [27], which led us to conclude that
children had a greater reduction in cardiovagal modulation
duringisometriccontractioncomparedtoadults.Changesin
cardiovagalactivity(i.e.,vagalwithdrawal)arecriticalduring
isometric contraction because they result in a BP increase
(secondary to a tachycardic response) at the onset of the
exercise task to match the intensity of the exercise stimulus
























































Figure 1: Systolic blood pressure (a), diastolic blood pressure (b) and mean arterial pressure (c) responses to isometric handgrip exercise
in children and young adults. SBP: systolic blood pressure; DBP: diastolic blood pressure; MAP: mean arterial pressure; IHG: isometric
handgrip exercise. The adjusted means (adjusted to the inﬂuence of the covariates) are presented as means ± SE.
∗P <. 05, task by group
interaction.
After controlling for baseline values, there were no
group diﬀerences in cardiovagal modulation responses to
IHG. This suggests that the greater reduction in cardiovagal
activity during exercise in children compared to adults
was mainly due to children’s elevated cardiovagal activity
at baseline, which modulates the extent to which eﬀerent
vagal withdrawal will take place under the inﬂuence of
a physical stress. This ﬁnding is in agreement with the
law of initial value that states that the outcome of an













































































































Figure 2: Heart rate (a), stroke index (b), cardiac index (c), and total peripheral resistance (2D) responses to isometric handgrip exercise in
children and young adults. HR: heart rate; TPR: total peripheral resistance; IHG: isometric handgrip exercise. The adjusted means (adjusted
to the inﬂuence of the covariates) are presented as means ± SE.
∗P <. 05, task by group interaction;
†P <. 05, task eﬀect.
excitation of the autonomic nerves [28]. The present study
also found that baseline cardiovagal modulation (CVVHF
and CVS) was inversely correlated with changes in MAP
from baseline to IHG (ΔMAP), indicating that low levels of
baseline cardiovagal modulation are related to large exercise
pressor reﬂex responses. This ﬁnding conﬁrms the role of
vagal modulation in BP responses to isometric contraction
in both children and adults. Yet, the relationship between
ΔMAPandcardiovagalmodulationwasnolongersigniﬁcant
after controlling for body size (i.e., BSA), suggesting that
the inﬂuences of baseline cardiovagal modulation upon the
exercise pressor response are determined by body size.
Although cardiovagal withdrawal plays an important
role at the onset of isometric contraction, activation of
the sympathetic nervous system is primarily responsible
for the rise in BP during sustained isometric activity [9].
In this study, we did not measure sympathetic nervous
system activity, and therefore, we cannot state with certainty8 International Journal of Pediatrics
Table 3: Cardiovagal modulation and baroreﬂex sensitivity in response to isometric handgrip exercise.
Parameters Baseline Handgrip Exercise
Obtained Adjusted
RR-interval, msec
Young adults 879 ± 24 743 ± 18
∗ 689 ± 18
Children 727 ± 26 660 ± 20
∗† 722 ± 19
lnTP, msec2
Young adults 8.2 ± 0.17 .6 ± 0.2
∗ 7.4 ± 0.2
Children 8.4 ± 0.17 .9 ± 0.1
∗ 8.0 ± 0.3
lnHF, msec2
Young adults 6.1 ± 0.26 .0 ± 0.2
∗ 6.1 ± 0.3
Children 6.9 ± 0.26 .3 ± 0.2
∗† 6.3 ± 0.3
CCVHF
Young adults 2.7 ± 0.33 .0 ± 0.33 .4 ± 0.6
Children 4.8 ± 0.33 .8 ± 0.4
† 3.4 ± 0.7
RMSSD, msec
Young adults 47.0 ± 5.14 0 .4 ± 4.7
∗ 40.6 ± 7.9
Children 64.3 ± 5.94 2 .7 ± 5.4
∗ 41.4 ± 8.6
CVS, %
Young adults 5.2 ± 0.55 .5 ± 0.7
∗ 5.7 ± 1.2
Children 8.8 ± 0.66 .4 ± 0.8
∗† 5.9 ± 1.3
lnBRS, msec/mmHg
Young adults 2.60 ± 0.09 2.26 ± 0.11 2.38 ± 0.15
Children 2.85 ± 0.10 2.60 ± 0.12 2.44 ± 0.16
Means ± SE. ∗P <. 05, responses to IHG are diﬀerent from baseline (main eﬀect); †P <. 05, task by group interaction.
ln natural logarithm; TP: total power; HF: high frequency; CCV: coeﬃcient of component variance; RMSSD: the square root of the mean of the sum of the
squares of diﬀerences between adjacent R-R intervals; CVS: coeﬃcient of variation; BRS: baroreﬂex sensitivity.
what the changes in the integrated function of sympathetic
modulation were. The BP response to isometric exercise is
often used as an index of sympathetic activation during
isometric exercise [10]. Accordingly, our results suggest that
since children had a lower pressor response to IHG, greater
vagal withdrawal, and similar HR responses compared to
adults, they probably experienced less cardiac sympathetic
modulation during the exercise stimulus. Conversely, since
adults had similar HR increases in response to IHG with
children, but smaller reductions in cardiovagal modulation,
we can speculate that adults had greater cardiac sympa-
thetic modulation. In other words, adults and children
attained similar HR responses during isometric contraction
through diﬀerent mechanisms. Speciﬁcally, vagal withdrawal
might be responsible for increases in HR in children
whereas increases in cardiac sympathetic modulation might
be the primary mechanism responsible for the tachy-
cardic response during isometric muscle contraction in
adults.
Exploring the contribution of reﬂex neural mechanisms
in pressor response to IHG, previous studies reported that
diﬀerences in metaboreﬂex sensitivity could explain the age-
group diﬀerences in pressor response to exercise. Changes
in BP during isometric exercise match the intensity of the
exercise stimulus, which is directly related to the active skele-
tal muscle mass as well as to the relative intensity achieved
(%MVC) [29]. In the present study, all subjects performed
sustained isometric contraction at the same relative intensity
(30% MVC). However, the absolute force held at 30% MVC
was diﬀerent between children and adults (children: 5.86 ±
0.35 kg versus young adults: 16.87 ± 1.22kg), suggesting that
adults used greater muscle mass to achieve the same absolute
rate of work with children. Greater muscle mass activation
would result in greater increases in BP due to greater
metabolite accumulation [30] .I n d e e d ,p r e v i o u ss t u d i e sh a v e
shown that adults have greater blood and muscle lactate
concentrations during high-intensity exercise compared to
children [23, 24]. In a recent study Turley [11] used
postexercise ischemia to activate the metaboreceptors and to
assesspotentialdiﬀerencesin metaboreﬂexfunction between
children and adults. During the 1st minute of postexercise
occlusion, children and adults had a similar drop in BP. The
greater accumulation of metabolites in adults compared to
children [23, 24] and their similar responses immediately
following cuﬀ inﬂation (i.e., ischemia) [11] suggest a more
sensitive metaboreﬂex in the pediatric subjects. In our study,
children had a lower BP response to IHG of same relative
intensity compared to adults. If indeed children exhibit a
more sensitive metaboreﬂex, their lower pressor response to
IHGmaybeduetoage-relateddiﬀerencesinotherperipheral
reﬂexes mediating the exercise pressor response, such as the
mechanoreﬂex or baroreﬂex. To the best of our knowledge,
currently there is no research on mechanoreﬂex function in
children and therefore, this statement is purely speculative.International Journal of Pediatrics 9
In this study, baroreﬂex sensitivity was reduced in
response to IHG and there were no diﬀerences in the
magnitude of the response between groups. It has been
proposed that during exercise arterial baroreﬂex is reset to a
higher operating point by the action of the central command
on the central neuron pool receiving baroreceptor aﬀerents
[31]. This adaptation allows for a concomitant increase in
HR and BP. During isometric exercise central command
may also decrease the gain of the integrated baroreﬂex,
depending on the intensity of the exercise stimulus as well
as the size of the active muscle mass [29]. The lack of
group diﬀerences in BRS responses to IHG could explain
the absence of group diﬀerences in HR responses to this
stimulus. Previous studies have shown that children have
lower baseline BRS compared to adolescents and young
adults but this was not conﬁrmed by our ﬁndings [3].
The relative small sample size in our investigation may
explain this discrepancy. It is noteworthy that using sponta-
neous BP and pulse interval sequences to assess baroreﬂex
sensitivity, we only examined the vagal component of the
baroreﬂex whereas the function of the sympathetic arm of
the baroreﬂex during IHG was not investigated. Age-related
diﬀerences in the sympathetic component of the baroreﬂex
could explain the lower pressor reﬂex responses suggestive
of lower sympathetic activity during exercise in children
compared to the adult group.
It should be noted that peripheral autonomic reﬂexes
are not the only determinants of cardiovascular regulation
during isometric exercise. Direct action of the central
command descending from the higher motor centers on
the cardiovascular control areas is also signiﬁcantly involved
in cardiovascular regulation during isometric exercise [9].
This “feed-forward control” mechanism plays a signiﬁcant
role in cardiovascular adaptations at the onset of exercise
and is especially important if only a small muscle mass
is activated whereas peripheral autonomic reﬂexes (i.e.,
metaboreﬂex and mechanoreﬂex) become more important
in cardiovascular regulation during continued exertion [9].
To the best of our knowledge, currently, there is no research
to investigate potential diﬀerences in central command
during exercise between children and adults and the present
study did not assess the contribution of this mechanism to
age-group diﬀerences. Therefore, we can only hypothesize
that age-related diﬀerences in central command activation
mightcontributetodiﬀerencesincardiovascularadaptations
to IHG between children and adults.
Finally, we demonstrated that ΔMAP was related with
the force produced at 30% MVC and that this relationship
was independent of body size. Furthermore, the force
produced at 30% MVC was the only signiﬁcant predictor
of ΔMAP in the regression analysis. This ﬁnding suggests
that factors that contribute to force production other
than body size (i.e., factors other than the size of muscle
mass activated) determine the magnitude of the exercise
pressor reﬂex and may be responsible for the diﬀerences
in exercise pressor reﬂex seen between children and adults.
For example, the type of muscle ﬁbers recruited during
isometric contraction by each age group could inﬂuence
the magnitude of the pressor response. Previous studies
suggested that the exercise pressor reﬂex is elicited selectively
from activation of the fast twitch ﬁbers [32]. Children
havelowerneuromuscularactivation(recruitmentandﬁring
rate of motor units) during sustained isometric contraction
compared to adolescents and adults [33]. Therefore, children
may also have less capability to activate Type II motor
units than adults during muscular contractions. Indeed,
Halin et al. [34] reported that adults recruited a greater
number of Type II ﬁbers during isometric contraction
compared to children. According to these ﬁndings, the
greater pressor response seen in adults in the present study
may be attributed to the type of muscle ﬁbers recruited by
this group.
5. Limitations
In this study, cardiovagal autonomic regulation was solely
assessed with analysis of HR variability. Spectral analysis of
HR variability provides information about parasympathetic
modulation but does not give us insight into the status of the
tonic stimulus [35]. Therefore, our conclusions are limited
to the eﬀects of IHG on vagal inﬂuences on the modulations
of HR. Consequently, inferences cannot be made regarding
the tone of the parasympathetic nervous system during
IHG. Moreover, we examined the exercise pressor reﬂex as
a whole, involving all peripheral reﬂexes, and therefore, we
cannot draw any conclusions regarding the contribution
of each reﬂex to pressor response. Further, all measures
were collected during spontaneous breathing. Respiratory
frequencies and tidal volume may aﬀect the HF power of
HR variability [36]. Therefore, in adult studies respiration
is usually controlled during HR variability measurements
by instructing the subjects to breathe at a speciﬁc rate. In
children, however, uncontrolled breathing may be a better
method because it reduces psychological strain [7]. Studies
in our laboratory (unpublished data) found that respiratory
rate did not signiﬁcantly change from resting conditions
(baseline) to isometric handgrip exercise in middle-aged
adults.
In conclusion, the ﬁndings of this study suggest that
baseline cardiovagal modulation contributes to the mag-
nitude of the pressor reﬂex response and determines the
extentofcardiovagalautonomicadjustmentsduringforearm
isometric contraction. Yet, diﬀerences in muscle pressor
reﬂex response between children and adults cannot be solely
explained by diﬀerences in autonomic modulation between
groups and appear to be associated with factors determining
the absolute force produced during submaximal isometric
contraction.
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